Polarization sensitive optical coherence tomography (PSOCT) with serial sectioning has enabled the investigation of 3D structures in mouse and human brain tissue samples. By using intrinsic optical properties of back-scattering and birefringence, PSOCT reliably images cytoarchitecture, myeloarchitecture and fiber orientations. In this study, we developed a fully automatic serial sectioning polarization sensitive optical coherence tomography (as-PSOCT) system to enable volumetric reconstruction of human brain samples with unprecedented sample size and resolution. The 3.5 μm in-plane resolution and 50 μm through-plane voxel size allow inspection of cortical layers that are a single-cell in width, as well as small crossing fibers. We show the abilities of as-PSOCT in quantifying layer thicknesses of the cerebellar cortex and creating microscopic tractography of intricate fiber networks in the subcortical nuclei and internal capsule regions, all based on volumetric reconstructions. as-PSOCT provides a viable tool for studying quantitative cytoarchitecture and myeloarchitecture and mapping connectivity with microscopic resolution in the human brain.
Introduction
The human brain consists of 80-100 billion interconnected neurons. To date, our knowledge of how these neurons organize and connect to enable complex functions is remarkably limited. Directly imaging the anatomical substrate requires a new generation of imaging technologies that afford microscopic resolution and the capability to examine cubic centimeters of tissue. The Big Brain project (Amunts et al., 2013) has made significant contributions in reconstructing a whole human brain with 7404 histological sections. The brain was sectioned with 20 μm slices, stained with silver impregnation and registered in 3D for cytoarchitectural investigation and modeling. One challenge with the histological method is the slice-specific distortions that are introduced due to cutting, slice mounting, dehydration and staining (Arsigny et al., 2005; Dauguet et al., 2007; Osechinskiy and Kruggel, 2010) . These distortions make 3D registration extremely difficult and prone to errors that prevent accurate reconstruction at the micron scale (Mosaliganti et al., 2006; Yushkevich et al., 2006) .
Blockface imaging with serial sectioning overcomes this problem and enables accurate volumetric reconstruction due to the absence of tissue distortion (Odgaard et al., 1990) . Blockface imaging techniques employ a microscope that operates in a reflective mode and thus can image the superficial surface of tissue in a thick block. Slicing is conducted after imaging. In this way, 3D reconstruction is easily accomplished by stacking all the blockface images, without requiring sophisticated inter-slice registration algorithms. With advances in 3D microscopy, including two-photon (Tsai et al., 2003) , confocal (Sands et al., 2005) , structure illumination (Mertz, 2011; Osten and Margrie, 2013) , and molecular or genetically encoded labeling techniques, several groups have reported brain-wide reconstruction of cytoarchitecture and connectivity in rodents (Economo et al., 2016; Ragan et al., 2012; Yuan et al., 2015) . The advantage of cellular resolution enables the investigation of neuronal architecture, and potentially connectivity mapping across the brain. Optical coherence tomography (OCT) expands the advantages of blockface imaging by facilitating reconstructions of larger volumes of tissue and by utilizing endogenous sources of contrast. OCT uses optical interferometry to image depth-resolved tissue structures at a resolution of 1-20 μm (Huang et al., 1991) . OCT collects back-scattered light from the tissue and enables probing of different structures based on the scattering information. Due to the endogenous contrast, OCT has been utilized in various human applications (see reviews by (Adhi and Duker, 2013; Bezerra et al., 2009; Drexler and Fujimoto, 2008; Gambichler et al., 2015) ) including the brain both ex vivo and in vivo (Assayag et al., 2013; B€ ohringer et al., 2009; Boppart et al., 1998) . Previous studies have shown that OCT with 3.5 μm resolution was capable of discriminating the laminar structure of the cerebral cortex in human brain samples (Magnain et al., 2014) . At higher resolution of 1.3 μm, optical coherence microscopy (OCM) has the capability of identifying single neurons and fiber tracts in the human cortex (Magnain et al., 2015 . Polarization sensitive optical coherence tomography (PSOCT) is a variation of conventional OCT (De Boer et al., 1997 ) that uses polarized light to probe birefringence, an optical property of anisotropic structures commonly seen in tissue such as collagen, tendon, muscle and nerve fibers. Due to the birefringence of the myelin sheath that surrounds many axons, PSOCT has demonstrated the ability to distinguish gray matter from white matter, and to measure the orientation of fiber tracts both in mouse (Nakaji et al., 2008; Wang et al., 2016 Wang et al., , 2011 and human (Wang et al., 2014b) brains. In combination with manual serial sectioning, we have previously reported 3D reconstruction of brain samples with 15 μm in-plane resolution and slice thickness of 100-200 microns, which allows the creation of undistorted maps of fibers, cortical layers and subcortical regions at a mesoscopic resolution (Wang et al., 2014a) .
In this study, we advance the PSOCT technique to a fully automated system for human brain imaging, named automatic serial sectioning polarization sensitive optical coherence tomography (as-PSOCT), which dramatically enhances the efficacy for imaging and processing, and provides an appealing solution for big data management. We improve the resolution of PSOCT to 3.5 μm to enable the investigation of single-cell layers and small crossing fibers in the brain. The pipeline allows imaging and reconstruction of cubic centimeter tissue blocks over multiple days without the need for human intervention. Quantification of cerebellar cortical layer thickness shows the significant advantages of 3D cytoarchitectural analysis overcoming the bias based on 2D slice estimations. In addition, microscopic tractography with 30 μm is created to reveal the intricate fiber networks that are beyond the capability of diffusion MRI techniques.
Methods

Materials
Two human brains (mean age 53.5 ± 12.0 y.o., 1 male and 1 female) were obtained from the Massachusetts General Hospital Autopsy Suite. The brains were neurologically normal without previous diagnosis of neurological deficits. The samples were fixed by immersion in 10% formalin for at least two months. The post-mortem interval did not exceed 24 h. The brains were cut into cubic centimeter blocks. Cerebellar and thalamic regions were included in the study.
System description
The as-PSOCT system is composed of an in-house built spectral domain PSOCT, motorized xyz translational stages, a vibratome to section the tissue block. A local computer coordinates PSOCT acquisition, xyz stage translation and vibratome slicing for automatic imaging of tissue blocks. The local computer communicates with a computing sever to transfer data and perform imaging reconstruction in parallel to data acquisition (Fig. 1) . Customized software is optimized for the pipeline of data acquisition, tissue sectioning, and image reconstruction.
Polarization sensitive optical coherence tomography
The PSOCT setup was previously introduced in Wang et al. (2016) (black box of Fig. 1) . Briefly, the light source consists of two broadband super-luminescent diodes (Thorlabs Inc., LSC2000C), with a center wavelength of 1300 nm and a bandwidth of 170 nm. The axial resolution was estimated to be 3.7 μm in tissue (with a refractive index of 1.4). Linearly polarized light was launched into a polarization-maintaining fiber based interferometer. Achromatic quarter-wave plates were placed in the sample and reference arms, respectively, to ensure circular polarization incident on the sample and 45 linear polarization returned from the reference arm. In the sample arm, we used a 4Â telescope and a 10Â water immersion microscope objective (Zeiss, NA 0.3) to obtain a lateral resolution of 3.5 μm. Light interference from the reference and sample arms was split into orthogonal polarization states by a polarization splitter, and directed to two identical spectrometers. Each spectrometer consisted of a 600 lines/mm grating and a 2048-pixel line scan camera (Sensors Unlimited Inc.) to acquire the spectral interference at an A-line rate of 51 kHz. With a scanning range of 1 Â 1 mm 2 , one volumetric acquisition composed of 350 A-lines by 350 B-lines takes 3.1 s.
The data acquisition computer was a high performance local computer with an eight-core processor, 128 GB memory, and a 12 TB hard disk. The customized acquisition software was written in Cþþ. The software implemented a multithread approach to perform data reconstruction in real time, including mapping from wavelength space to kspace, dispersion compensation (Cense et al., 2004) , Fourier transform for depth-profile creation, and contrast generation. The PSOCT produces three types of contrast in a single measurement: reflectivity represents the back scattering of light from the tissue; retardance results from the birefringent components in the tissue; and optic axis orientation represents the in-plane orientation of the fiber axis (Wang et al., 2010) . The software also included algorithms for finding the tissue surface using probabilistic filtering (Geman and Geman, 1984) , and saving only 2D e-face images by obtaining the average intensity projection (AIP), maximum intensity projection (MIP), average retardance, and dominant orientation within a desired depth range (Magnain et al., 2014; Wang et al., 2014a) . Both of AIP and MIP are produced based on the reflectivity contrast. AIP indicates the average light attenuation along beam propagation, whereas MIP manifests small structures at certain depth that may have high back-scattering or refractive index compared to the surrounding medium. 
Automated tiling and serial sectioning
The surface areas of the brain sample blocks we investigated were centimeter squares that were over one hundred times greater than that of the field-of-view of a single image tile. As a result, image tiles from multiple scans were stitched together to form a full section. Motorized xyz stages (xy stages: M-415.PD and M-405.DG, Physik Instrumente; z stage: customized with Parker Hannifin Co.) were incorporated to translate the sample under the PSOCT between image tiles (Fig. 1) . The maximal travel distance for x-, y-, and z-axis was 150 mm, 75 mm, and 25 mm, with corresponding positioning accuracy of 10 μm, 1 μm, and 5 μm, respectively. A customized vibratome (Ragan et al., 2012) was mounted adjacent to the PSOCT to cut off a superficial slice of the tissue upon completion of the full area scan. The blade was an unbacked stainless steel single edge blade (Razor Blade Co.). The cutting speed was 0.5 mm/s. Customized software written in Cþþ controlled the xyz translation and vibratome sectioning. The control software communicated with the acquisition software to coordinate data acquisition and tissue positioning.
Data transfer and volumetric reconstruction
At the beginning of the serial scan, a data transmission pipeline was established between the local acquisition computer and a computational server at the Martinos Center. Upon completion of one scan, the data was immediately transferred to the server, while the next block of acquisition threads proceeded at the same time. As a consequence, the reconstruction process could be executed in parallel with the data acquisition. In postprocessing, automatic scripts were implemented in two steps. First, the individual tiles of en-face images were stitched to create an entire slice using rigid registration to compute the overlap between tiles and linear blending for image fusion in the Fiji software (Preibisch et al., 2009) . Then the slices were stacked to form a volume. The in-plane resolution of the volumetric reconstruction is 3.5 μm resulting from the transverse resolution of PSOCT, while the voxel size in z-direction is determined by the slice thickness, typically 50-60 μm.
Experimental procedures
We investigated two blocks of cerebellum, located in the cerebellar cortex and deep nuclei, respectively, and also the subcortical regions of the thalamus and internal capsule. Each volume consisted of 36-90 slices with a thickness of 50-60 microns. Each image tile covered a volume of 1 Â 1 Â 2.6 mm 3 (xyz). However, the effective imaging depth in fixed human brain tissue was only 200-300 μm due to light attenuation. The original voxel size of PSOCT was 2.9 Â 2.9 Â 2.6 μm 3 (xyz). For largescale volumetric reconstructions, we represented each image tile by enface images, which were obtained by integrating the volumetric image over a defined depth range set to the thickness of the tissue slice. As a consequence, the voxel size in the z-direction was the slice thickness. We used a 50% overlap between image tiles in the xy-plane to permit image averaging to reduce speckle noise through angular compounding (Desjardins et al., 2007) and to ensure a smooth fusion of the image tiles. During the experiment, the tissue block was mounted in a water bath and surrounded by agarose blocks to protect against shear forces during cutting. The bath was positioned under the microscope objective and mounted on the xyz stages. Tiling and sectioning parameters were predefined before the acquisition, including the origin of the first tile, the translational distance between tiles, the number of tiles in x-, y-, z-directions for one slice, the number of slices, and the slice thickness. Upon completion of each tile, the sample was translated to the position of the next tile and the acquisition was triggered. The vibratome sectioned a slice with predefined thickness and allowed deeper regions to be imaged. The cutting accuracy is typically within a few microns for a 50 μm thick slice. The scanning and sectioning procedures were repeated until the entire tissue block was complete. The workflow pipeline is illustrated in the flow chart of Fig. 2 .
Quantitative data analysis
Data analyses including segmentation, cortical thickness estimation, 3D orientation estimation and tractography were all performed based on the volumetric reconstruction.
Segmentation
Segmentation of the cerebellar cortex was manually performed in Freeview software (part of the FreeSurfer software package, Fischl, 2012) . The boundaries of the molecular layer, the granular layers, and white matter were drawn based on the volumetric retardance image, and labels were created for each of the structures. The segmentation results were then used to compute the layer thickness for cerebellum as described in the following section.
Thickness estimation
A voxel-based algorithm (www.nitrc.org/projects/thickness) was applied to estimate the thickness of the molecular and the granular layers for the cerebellar cortex (Aganj et al., 2009 ). For every voxel in the volumetric data, the algorithm drew lines in different 3D directions inside the segmented area, computed the length of the intersection of each line with the layer, and selected the shortest length as the estimated thickness.
As a comparison, the thickness of the molecular and the granular layers were also estimated based on 2D slice, using the same algorithm. The slices were selected on xy-, xz-or yz-planes from the volumetric data. The algorithm drew lines in different directions parallel to the selected plane and estimated the thickness accordingly.
2D tractography
Tractography was applied on the xy-plane using the conventional method for diffusion tensor imaging in Diffusion Toolkit (Wang et al., 2007) . The optic axis orientation was used to track the fibers, while the orientation for the z-direction was set to 0. The fiber tracking algorithm is based on the spherical harmonic basis method (Hess et al., 2006) . Tracts were created with a maximum angular threshold of 45 for tracking, and masked by the retardance image to include the white matter only.
3D orientation estimation and tractography
The axis of fibers running in the brain is denoted by a vector v ! ¼ ½v x ; v y ; v z (1) in Cartesian coordinates, which can also be represented by the in-plane angle θ and the through-plane angle α as v ! ¼ ½cos α⋅cos θ; cos α⋅sin θ; sin α (2). θ was directly obtained by the optic axis orientation. Here we derived α computationally based on the volumetric image of retardance. As the image features such as edges and spacing between fiber bundles indicated the directionality of fiber axis, we used a gradient-based method named "structure tensor" to estimate the fiber orientation (Bigun, 1987) . The voxel size of the retardance image was downsampled to 30 μm isotropic with the purpose of reducing the speckle noise and enhancing the anisotropic appearance of the fiber tracts. The structure tensor was applied to consecutive xz-sections and yz-sections of the volumetric data, respectively. The generated orientation map described the angular representation of fiber axis projected onto xz-and yz-planes, respectively (tan À1 ðv x =v z Þ and tan À1 ðv y =v z Þ). By connecting (1) and (2), we obtained the α angles separately from the orthogonal planes. For each voxel in the volumetric data, we averaged the two α angles to obtain the through-plane orientation. 3D Tractography was performed in Diffusion Toolkit based on the estimated orientation. The same tracking algorithm was used as for 2D tractography. Tracts were created with a 45 angular threshold, and masked by the retardance image to contain the white matter only.
Ex-vivo structural MRI and diffusion-weighted MRI
Before cutting a brain hemisphere into smaller blocks and imaging with as-PSOCT, we first acquired MRI data on one sample, including 750 μm diffusion-weighted images at 3T and 120 μm structural images at 7T.
Diffusion-weighted images were collected using a 3D steady state free precession (SSFP) sequence on a 3T TIM Trio whole body scanner (Siemens Medical Solutions, Erlanger, Germany) with a Siemens 32 channel head coil, TR ¼ 30.19 ms, α ¼ 60 , TE ¼ 25.10 ms, at 750 μm isotropic resolution. Diffusion weighting was applied along 60 directions distributed over the unit sphere (effective b-value ¼ 2434 s/mm 2 ) (Miller et al., 2012) with eight b 0 images. Q-Ball reconstruction was performed using Diffusion Toolkit. The fiber tracking algorithm is based on the Spherical Harmonic Basis method. Tracts were created using a 60 angular threshold, and masked so they are only contained within the approximate brain volume.
MRI data was acquired using a 3D FLASH sequence on a 7T human scanner from Siemens (Siemens Medical Systems, Erlangen, Germany) with a custom-built 7-channel RF receive coil, TR ¼ 60 ms, α ¼ 10 , 20 , 45 , TE ¼ 30 ms at 120 μm isotropic resolution. We estimated the underlying tissue parameters that are the source of image contrast in standard gradient echo sequences (Fischl et al., 2004) .
Registration of dMRI to as-PSOCT
Registration between the dMRI and the as-PSOCT data was manually completed in two steps, using the Freeview software. We first registered the 750-μm resolution b0 image to the 120-μm resolution anatomical MR image (FLASH), and the FLASH image to the as-PSOCT retardance image, independently. Then we concatenated the two registrations to align the dMRI data to the as-PSOCT space. The dMRI tractography was transformed accordingly, with a volume crop that matched the sample size of as-PSOCT imaging. Inclusion of the MRI data at 120-μm resolution as an intermediate registration step was necessary, because the dramatic resolution gap between dMRI and as-PSOCT made the feature matching less accurate and reliable.
Histology
Selected slices from the serial scanning and reconstruction were processed with Nissl stain (Amunts et al., 1999; Augustinack et al., 2005) for cell body identification and Gallyas stain (Miller et al., 2012; Pistorio et al., 2006) for myelinated fiber identification. The stained slices were digitized with a camera mounted on an 80i Nikon Microscope (Microvideo Instruments, Avon, Massachusetts) with a 4Â microscope objective, yielding a pixel size of 1.9 μm. We used the image series workflow ("SRS Image workflow") provided by Stereo Investigator (MBF Bioscience, Burlington, Vermont) to automatically mosaic the entire slice, and the tiles were then stitched with the same Fiji software as used for the PSOCT images. The histological stains were used to validate the as-PSOCT images for neuronal architecture and fiber identification.
Results
Quantitative cytoarchitecture and myeloarchitecture
The as-PSOCT provides prominent contrasts delineating the cytoarchitecture and myeloarchitecture of a parasagittal cerebellar section (Fig. 3) , spanning an area of 5.5 Â 2.7 cm 2 and composed of 9179 individual image tiles. The retardance contrast identifies the laminar structure of cerebellar cortex including the molecular layer and the granular layer, as well as the subfolial fissure, which refers to the white matter in the folia. The high resolution of as-PSOCT allows clear discrimination of the layer boundaries. The architectural organization revealed by as-PSOCT is highly correlated with the Nissl stain and Gallyas stain. On magnified images (B), the Purkinje cell line is clearly visible as a band of relatively high retardance (arrowhead) compared to the surrounding molecular and granular layers, possibly due to the birefringence from the regular membrane alignment. One advantage of PSOCT over conventional OCT is that the retardance reliably detects the fiber tracts where the AIP and MIP images may miss due to the dependence of through-plane fiber orientation. The brightness variations in the retardance may imply extensive axon crossing or fibers running nearly perpendicular to the imaging plane.
To investigate cerebellar cytoarchitecture in 3D, a block of a cerebellar lobule with a total size of 16 Â 10 Â 1.8 mm 3 was imaged with as-PSOCT. The volumetric reconstruction included 36 slices of 50 μm thick, each composed of 1000 individual tiles. Fig. 4A shows the retardance images on orthogonal viewing planes. The xy-plane represents the enface image, while the yz-plane and xz-plane represent cross sections of the stacked slices. Although all cortical layers of the cerebellum are visible on the 2D en-face images, the folding patterns of the cortex are only unveiled in 3D space. One way to examine the accuracy of volumetric reconstruction is to follow the trajectory of a continuous microscopic structure. As the arrowheads point out on the right panels of Fig. 4A , the Purkinje cells forming a regularly aligned layer of 20-50 μm thickness exhibit smooth transitions on xz-and yz-planes. Here we are H. Wang et al. NeuroImage 165 (2018) 56-68 interested in the alignment of the Purkinje cell layer instead of single cells, because the en-face image creation reduces the resolution in z-axis to 50 μm, leading the profile of single cell unresolvable. The intensity variation across slices perceived as alternating brightness (right panels of Fig. 4A ) was caused by an imaging focus shift where the wrapped cerebellar folia were unevenly sectioned, or a residual piece of slice overlaid on top of the tissue block, obscuring the imaging field of view. The prominent retardance contrast in the cerebellar cortex provides information that enables laminar structure segmentation and thickness estimation. Fig. 4B shows the segmented molecular layer, granular layer and white matter in volume rendering. Within the 1.8 mm thick block, wrapping of the folia was clearly revealed on both molecular and granular layers, while the patterns are not fully appreciated on 2D planes. The white matter fibers form a sheet like appearance following the long axis of the cerebellar folia (medial-lateral direction). Branching of fiber bundles are observed as well. The current segmentation does not include the Purkinje cell layer, but treats it as a boundary between the molecular and granular layers. Having a total volume of 225 mm 3 for the cerebellar lobule, the volume fraction of the molecular layer, granular layer and white matter is roughly evenly distributed, which takes 37.7%. 31.8%, and 30.5%, respectively. Based on the laminar segmentation, the thickness of the molecular and granular layers is estimated using a voxel-based algorithm and visualized in a selective slice (Fig. 5A) . The value in every voxel represents a thickness of the corresponding layer calculated through the voxel. Different color-coding is used for molecular (jet) and granular (hot) layers to reveal the spatial relationship for the estimation. The granular layer exhibits more variations, with the greatest thickness seen in the convex curvatures of the cortex. In contrast, the thickness of the molecular layer is more uniform across gyri and sulci. The statistical graph (Fig. 5B) elaborates that the range of thickness in the granular layer is wider and the maximum thickness is much greater compared to the molecular layer. A skeleton for the two layers is drawn correspondingly and the mean thickness is estimated on the skeleton. The thicknesses of the molecular and granular layer are 313.0 ± 96.7 μm and 322.1 ± 158.7 μm (mean ± std), respectively.
To compare the 3D estimation with the conventional 2D assessment, the thicknesses for the molecular and granular layers were also calculated based on individual slices. The slices were obtained from the volumetric data either parallel or orthogonal to the physical sectioning plane. The 2D analysis results in a consistent overestimation in the thickness for both molecular and granular layers (Fig. 6) .
Orientation mapping and microscopic tractography
The optic axis orientation describes in-plane fiber orientation, which represents the projection of the 3D fiber orientation onto the en-face plane. This contrast elucidates the diversity of fiber tracts and facilitates fiber bundle grouping and tracking. Figs. 3 and 7 demonstrates the in-plane orientation map in the cerebellar lobules, the cerebellar deep nuclei region and the cerebellar peduncles on the parasagittal sections. The fissure in the folia exhibits a uniform orientation, which complies with the geometry of the fiber tracts. However, as the fibers merge into the deep white matter, a separation of multiple traces was observed (Fig. 7C) . In regions where anatomical features of fiber alignments cannot be discriminated, the orientation information provides evidence for clustering of fiber bundles and tracking their directions. For example, the peduncles connecting the cerebellum with the rest of the brain are differentiated by their orientation (green, blue and magenta on Fig. 3) . The boundary of the deep nuclei with respect to the middle peduncle manifests by the orientation alterations as fibers in the deep nuclei run upward connecting the superior peduncle (Granziera et al., 2009 ). The use of orientation information to discriminate fiber bundles in human cerebellum has been reported before with a high-angular-resolution diffusion tractography (Takahashi et al., 2013) . 2D tractography is applied based on optic axis orientation assuming that fiber axis is parallel to the imaging plane. This is appropriate for most of the fiber bundles in cerebellar lobules viewed in the parasagittal plane, where through-plane angles are small (Takahashi et al., 2013) . The fibers created by placing seeds in adjacent subfolial fissures reveal the split trajectories of fissure and the merging into adjacent bundles, providing evidence for inter-folia connections (Fig. 7D) . The split of the fiber bundle extending from a cerebellar lobule into multiple traces are obvious on the tractography map as well (Fig. 7E) .
Unlike cerebellar lobules, fiber orientations around the deep nuclei are more complex where fibers from all the cerebellar lobules converge and project to and from the spinal cord, brainstem and cerebrum. The transition of the orientation colors indicates the turning of fibers and their spatial interactions with the thin layer of the nucleus (Fig. 7B) , which is clearly shown on the tractography (Fig. 7F) .
To map fiber orientation in the vicinity of the deep nuclei, a sample block of 10 Â 10 Â 3.6 mm 3 was imaged in parasagittal sections. The entire volume contains 60 slices, each having a thickness of 60 μm and 400 individual tiles. Fig. 8A shows the consecutive orientation maps, from medial to lateral direction at an interval of 180 μm (every three slices), where fibers in the dentate nucleus connecting to the superior peduncle (slice 1-46) and the transition to middle peduncle (slice 49-58) are included. The white matter in the deep nuclei region exhibits a major orientation of 40-60 (slices 1-21 Fig. 8A ), which runs oblique through the plane extending to the superior peduncle. As the dentate nucleus disappears towards the lateral cerebellum, the central fiber group exhibits a reduced orientation angle (slice 31-46), and horizontal fiber tracts become apparent (slice 49-58). The trajectory alterations of the fiber bundles are elucidated by the 2D tractography in Fig. 8B . The superior resolution of as-PSOCT allows exploitation of intricate fiber organizations in 3D space and orientation mapping with unprecedented details. An example is shown in subcortical regions including the thalamus, the Reticular nucleus and the internal capsule (ic), where small Fig. 6 . Comparison of 3D and 2D thickness estimation for the molecular layer and granular layer of the cerebellar cortex. 3D estimation was conducted on the volumetric data, while 2D estimation was performed on slices either parallel (2D_view1) or orthogonal (2D_view2 and 2D_view3) to the physical sectioning plane. fiber tracts with diameters of 20-50 μm are embedded in the nuclei and extensive crossing is present (Fig. 9) . The sample block has a volume of 13 Â 10 Â 3.1 mm 3 , with 62 slices each of which is 50 μm thick. The volumetric reconstruction allows an exploration of the spatial structures and connections (A). We select 2 sections in the external medullary lamina (eml) (1) and internal capsule (2) and inspect the organizations on sagittal planes (Mai et al., 2015) . The sagittal view illustrates the cross sections of eml bundles inter-mingled together. The dominantly superior-anterior orientation of the internal capsule is revealed in both coronal and sagittal planes. Fig. 9B elucidates the colored orientation maps of fibers in the thalamus and the internal capsule on a coronal section, weighted by the intensity of AIP (see Supplemental Video 1 as well). The AIP contrast is selected as the weight map because it facilitates the visualization of crossing-fiber patterns, by highlighting the in-plane fibers while suppressing the visualization of those running through the plane. The orientation map reveals three major groups in the internal capsule: those running in superior-inferior direction (red), extending from the thalamic nuclei to the white matter (blue and magenta), and crossing horizontally (green). Crossing of fibers in the internal capsule have been previously identified on the overlaid images of multiple tracer injections in primate brains (Schmahmann and Pandya, 2006) . as-PSOCT is able to directly visualize microscopic fiber crossing in a single case and reveal the trajectory due to its micron-scale resolution. Fig. 9C shows a 3.3 Â 3.3 mm 2 panel from two groups of consecutive slices, where crossing fibers are observed in all directions. By following the orientation and location of the same fibers across slices, we can recover the individual trajectories (indicated by the arrowheads). It is noted that each of these panels is about the size of 2 Â 2 voxels in in-vivo diffusion MRI, and thus resolving those crossing patterns would be extremely difficult.
Supplementary video related to this article can be found at https:// doi.org/10.1016/j.neuroimage.2017.10.012.
To recover the full axis of fibers running in 3D space, we computationally derived the through-plane orientation based on the volumetric image of retardance and generated 3D tractography maps by combining both in-plane angle and through-plane angles in the thalamus and internal capsule regions. Fig. 10 presents as-PSOCT tractography at a resolution of 30 μm (A, D). The tracts are shown with a 99% skip (i.e. displaying 1 out of every 100 streamlines) in order to make individual tracts visible (see Supplemental Video 2 and 3 as well). The details of trajectory and crossing patterns are investigated in small groups of fiber tracts (D). Five seeds with a radius of 85-90 μm were selected (small spheres on A), located in the thalamus (ii-1 and ii-2), reticular nucleus (iv), and internal capsule (i and iii). Fibers passing through a small seed could diverge and experience substantial crossing along the path (i, v). The two thalamic fiber tracts exhibit different turning directions and distinct pathways as they joined the white matter (ii-1 and ii-2). In the reticular nucleus and internal capsule, various fiber patterns are exposed at microscopic scale (iii, iv).
To compare the microscopic fiber maps with conventional tractography, Fig. 10B shows an ex-vivo dMRI result at 750 μm resolution. The dMRI was obtained on the same sample and registered to the as-PSOCT data. The tractography was displayed with no skip. It is clear that the dMRI tracts are much more sparse and lack detailed delineations of turning and crossing patterns as revealed by as-PSOCT (Fig. 10D) . The 750 μm resolution dMRI illustrates that fibers in the internal capsule are dominantly in the superior-inferior direction, and the paths from the thalamus to the internal capsule are not well defined. In addition, the tracts in the reticular nucleus are not detected due to their compact size.
Discussion
OCT and PSOCT have been used to image cytoarchitecture, myeloarchitecture and fiber orientations in ex-vivo human brain. Owing to its utilization of endogenous contrast mechanisms, this imaging approach is applicable to the entire human brain across subject populations. By incorporating a vibratome into the imaging system, volumetric reconstruction of macroscopic brain samples was accomplished. Comparing to existing brain-wide imaging techniques, as-PSOCT requires minimal sample preparations therefore favoring broad applicability to the postmortem human brain. Most brain-wide techniques using labeling are restricted to small animal studies that require either injection of contrast agent while the animals are alive or using transgenetic models. In addition, existing whole-brain labeling techniques combined with tissue clearing are currently only possible for very small blocks of human brain tissue, due to the high density of myelin in the white matter, the problem of tissue integrity caused by large variations of post-mortem interval, and the complications of tissue fixation.
Previous investigations of OCT/PSOCT in the human brain were either 2D or with relatively low resolution. In Wang et al. (2014a) , a medulla sample was reconstructed with an in-plane resolution of 15 μm and slice thickness of 150 μm. The 1.4 cm 3 sample was completed entirely manually in 40 h. The post-processing, apart from acquisition, took much longer considering the amount of data for network transmission, reconstruction, stitching and stacking. In this study, we developed an automatic serial sectioning PSOCT system that enabled automatic 3D imaging and reconstruction of human brain samples at unprecedented resolution and scales. There are several significant contributions in the as-PSOCT. 1) The fully automated system integrating an imaging, sample translation and slicing pipeline enables continuous blockface imaging in a few days without the need for human interventions. Compared to previous studies (Wang et al., 2014a (Wang et al., , 2014b all relying on manual operations, as-PSOCT demonstrates a 100 times speed-up in 3D imaging and reconstruction. 2) The PSOCT yields an optical resolution of 3.5 μm both laterally and axially. At a pixel size of 2.9 μm and slice thickness of 50 μm, we were able to achieve volumetric reconstruction of a 0.6-cm 3 sample in a total of 48,000 image tiles.
3) The optimized software pipeline achieving parallel data acquisition, real-time processing, data transferring, and postprocessing promotes the 3D reconstruction in a computationally Fig. 9 . Volumetric retardance image (A) and optic axis orientation maps (B, C) delineate the fiber networks in the thalamus and internal capsule. A) Volumetric reconstruction revealing 3D organization of fiber tracts in thalamus and internal capsule regions. Sections 1 and 2 show the fiber tracts of the external medullary lamina (eml) and the internal capsule (ic), respectively, on the yz-plane representing cross sections of stacked slices. B) The orientation is encoded according to the color wheel, and the brightness is weighted by AIP. C) Zoom-in of the optic axis orientation in consecutive slices revealing fiber-crossing patterns. The arrowheads indicate the locations of crossing. The origin of Z ¼ 0 is at the first slice. The map uses the same color and intensity coding as in (B). The location of those panels is indicated by the white ROI on B. Scale bars: A, 2 mm; B, 2.5 mm; C, 1 mm. S: superior; I: inferior; L: left; R: right; A: anterior; P: posterior.
efficient approach. As a result, 3D reconstruction can be achieved almost at the same time as the completion of block imaging. The ability to save en-face maps in as-PSOCT offered us a viable solution to manage the huge amount of data. The data size continuously generated from one experiment, if saving as raw data, could be as large as 50 TB, which would impose an overwhelming demand for data transmission, storage and processing. The rate of data generation is 0.4 GB/s with two 16-bit 2048-pixel cameras operating at 51 kHz, close to the limit of the writing speed for solid-state drives and far beyond the capability of conventional hard disks. In as-PSOCT, we saved the reconstructed 2D maps for each slice, which provides a 1000 times data reduction compared to directly saving the volumetric data in one scan.
The as-PSOCT system significantly advances the scalability of microscopic human brain imaging, which makes the technique realistically applicable to populations of human brain samples instead of just one or two cases. This allows the as-PSOCT to address critical questions that have been very difficult for traditional histology in a single study, such as inter-subject variability, group difference between normal and pathological conditions, as well as relationship among various brain regions.
Undistorted 3D reconstruction
3D reconstruction of histological images have the significant drawback of irregular distortions that are specific for every slice, including nonlinear deformation, tearing, overlapping and damage (Arsigny et al., 2005; Song et al., 2013) . The convoluted nature of the human brain could lead to registration errors much greater than the size of anatomical structures, with no way to verify whether the distortions have been accurately removed. as-PSOCT technology overcomes the problem by adopting a strategy that performs the scan before slicing. As imaging is always conducted in the intact tissue block, 3D reconstruction is realized by stacking the sections without the need for any non-rigid inter-slice registrations. This procedure yields volumetric reconstruction with micrometer-scale accuracy. We have shown that as-PSOCT allows us to visualize the regular alignment of the Purkinje cells in 3D that are 20-50 microns and follow tracts in complex networks such as the internal capsule, indicating that the junctions between slices reveal no local distortions. The quality of the reconstruction mainly depends on the vibratome slicing that should vary within a few microns for a 50-60 μm thick slice. In brain regions such as cortex where structures are highly convoluted with empty space in between, slicing may result in uneven surfaces or residual tissue pieces on top of the tissue that alter the light intensity and focus during imaging and thus introduce artifact in volumetric reconstruction. Surface unevenness or tissue damage caused by physical slicing may also lead to geometric distortions or discontinuity of small-scale structures in 3D reconstructions. However, given that we are interested in resolving laminar structures and nuclei instead of single cells and fiber tracts instead of single axons, the distortion is not visible in volumetric reconstructions. It is worthwhile mentioning that one prominent advantage of OCT/PSOCT is the 3D capability which resolves the structure in depth with a resolution of 2-20 μm (Huang et al., 1991) , up to a few hundreds of microns deep in the human brain. This imaging penetration is much greater than the physical slice thickness, sufficient to preserve overlapping regions between two consecutive sections for inter-slice registration. As a result, local distortions can be corrected during post-processing. Embedding the tissue in gelatin or agarose with matched stiffness may improve the quality of slicing (Magnain et al., 2014) .
Quantitative cytoarchitecture and myeloarchitecture of human brain
The cytoarchitectural investigations of the brain include cell types and populations, and at a more moderate resolution, laminar structure and architectonic boundaries between cortical regions. The backscattering contrast of OCT has shown the ability to identify individual neurons and quantify laminar structure comparable with the results of Nissl staining (Magnain et al., 2015 (Magnain et al., , 2014 . In this study, we exploit the value of retardance contrast for cytoarchitectural identification. Retardance is attributed to tissue birefringence and introduced while polarized light propagates through anisotropic molecules or alignments along a single axis at sub-wavelength scale. In the human cerebellum, retardance is advantageous as it enables the discriminations of fiber tracts as well as all the cortical layers. By integrating the 3D imaging, as-PSOCT elaborates the advantages to comprehensively unveil the morphology and spatial organizations of microscopic structures. We were able to segment the molecular and granular layers of cerebellar cortex and inspect the convoluted laminar structures in their intrinsic 3D space, which is beyond the capability of MRI or 2D histology.
The volumetric reconstruction also enables a series of quantitative analyses that may be biased on 2D slices. For the first time, we evaluated the thickness of the molecular and granular layer in a volumetric cerebellar lobule. The mean thickness estimation is consistent with an early report by Braitenberg and Atwood (1958) based on morphological observations. The authors found that the thickness of the molecular layer was between 250 μm and 380 μm and the thickness of the granular layer held more variations between 100 μm and 500 μm with greater values towards the convex curvatures. However, Andersen et al. (2003) conducted a stereological study reporting a greater thickness of 615 μm for the molecular layer and 443 μm for the granular layer. The age distribution (19 samples, ages 19-84 years, used in Andersen et al., 2003 ) may contribute to the differing results. However, the discrepancy could have resulted from a bias inherent in 2D analyses. Our study shows that the thickness prediction on 2D slices bears a consistent overestimation that can be more than three times larger compared to the estimate from the 3D volume. This is because the 2D estimate only searches for a minimal distance in a specific plane, which is a subset of the 3D space. Depending on the orientation of the selective plane with respect to cortical wrapping, the estimation on 2D can be much greater than that obtained on 3D. A recent 7T MRI study with an in-plane resolution of 120 μm reported an average layer thickness of 240 μm in the cerebellar cortex (Marques et al., 2010) , which is in general agreement with our current study. However, an underestimation may be implied in the MRI due to the limitation of a partial volume effect. Given its advantages over existing methods, as-PSOCT may serve as an objective tool to resolve these discrepancies in the sparse literature and potentially be useful in new discoveries of normal and pathological morphology.
Literature on quantitative pathological analysis of cerebellar diseases is lacking. It is still unclear whether selective regions or layers of cerebellar cortex are altered in brain diseases. MRI studies have shown global atrophy in neurodegenerative cerebellar diseases such as multiple system atrophy (Brooks and Seppi, 2009 ). However, the resolution limit of MRI does not allow exploration of individual lobules or cerebellar cortical layers. Histological studies have been sparse and limited to small sample size (Halliday, 2015; Lin et al., 2015; Wakabayashi and Takahashi, 2006) . Therefore, quantitative characterization of the pathological impact in the cerebellum is inconclusive. It is imperative for high-resolution 3D imaging tools such as as-PSOCT to be developed to address the questions of pathological importance.
Fiber tracking and microscopic connectivity
The polarization contrasts especially target the fiber tracts in the brain due to the birefringence of myelin. The volumetric images created by as-PSOCT enhances the power of fiber tracking over long distance, especially in regions where current dMRI cannot resolve and 2D histology is difficult to follow, such as small fiber bundles intersecting to form intricate networks and projecting to different regions of the brain. Optic axis orientation is a characteristic measure with light polarization. Unlike other microscopy technologies that extract image features to calculate the orientation information (Budde et al., 2011; Budde and Frank, 2012; Choe et al., 2012; Schilling et al., 2016; Schmitt et al., 2004) , the optic axis directly accesses the axis of structural anisotropy that gives rise to the fiber orientation projected in the plane. This orientation information has been validated in several human brain studies involving polarized light, such as polarized light imaging (PLI) (Axer et al., 2001 (Axer et al., , 2011a (Axer et al., , 2011b and PSOCT (Wang et al., 2014b) . Although it is capable of imaging a full section of human brain, PLI only works on 2D histological slices and bears an intrinsic limitation in the axial resolution given by the slice thickness. In contrast, as-PSOCT is advantageous in creating volumetric orientation maps with extremely high resolution. The orientation mapping enables us to examine micro connectivity in the human brain from several perspectives.
Distinctive fiber tracts can be identified and clustered in the white matter by the orientation information in regions where anatomical features are not visible. We elucidated fiber groups of the sobfolial fissure, cerebellar peduncles, and fibers extending from the cerebellar deep nuclei intercrossing the middle peduncles (Figs. 3, 7 and 8) . Although previous dMRI studies have reconstructed the primary paths of superior, middle, and inferior peduncles in human cerebellum (Dell'Acqua et al., 2013; Diedrichsen et al., 2009) , detailed trajectories connecting the deep nuclei and cerebellar folia are missing due to the resolution limit. In this study, as-PSOCT shows the evidence of the inter-folial connection, splitting of paths from a cerebellar lobule, and the diverging projections to the dentate nucleus. We acknowledge that optic axis orientation is an in-plane measurement and hence 2D tractography may be biased without considering the through-plane angle. With 3D measurement now available, comprehensive connectivity maps can be established for the human cerebellum.
The high resolution of as-PSOCT allows us to explore fiber crossing at multiple scales, from millimeter (cerebellar peduncles) and submillimeter (subfolial fissure) down to a few microns (tracts in internal capsule). In the current study, we obtained the 3D orientation computationally by combining in-plane axis orientation and the volumetric anatomical features in the retardance images. The 3D tractography created by as-PSOCT at 30 μm resolution demonstrates significant advances over 750 μm resolution dMRI. The power of revealing fiber trajectories in compact structures such as the reticular nucleus and extensive crossing patterns in the internal capsule elevates the potential of as-PSOCT to chart the microscopic circuitry in the human brain. In parallel, a 3D axis measurement has been proposed in PSOCT and validated in birefringent samples of tendons and muscles (Liu et al., 2016; OrtegaQuijano et al., 2014; Ugryumova et al., 2009; Wallenburg et al., 2010) .
It is noticeable that the orientation map shows a background in some of the gray matter region, such as a green color in the granular layer of the cerebellum (Figs. 3 and 8) . The background color represents a constant offset in the optic axis orientation measurement (Wang et al., 2010) , which has been removed for deriving the absolute fiber orientation. However, the optic axis orientation with PSOCT is only meaningful in anisotropic structure where birefringence is above a certain threshold, primarily in fiber tracts. Therefore, the orientation in the granular layer does not indicate directionality.
Outlook: towards whole brain imaging
Fundamentally, as-PSOCT is scalable to the entire human brain. Practical obstacles reside in acquisition time and data management. Multi-MHz OCT systems have been reported with ultrafast swept source and advanced GPU processing (Fechtig et al., 2015; Wieser et al., 2014 Wieser et al., , 2010 Xu et al., 2014) , which has the potential to accelerate the acquisition by 20-200 times compared to the current A-line rate in this study. The spatial resolution and sampling rate are other factors that affect the scan time. The resolution of 3.5 μm used in this study is able to resolve single cell layers and small fiber tracts (but not most individual axons). Nevertheless, the resolution requirements for brain-wide cytoarchitectural boundaries and structural connectivity remain to be investigated. We have shown that with 15 μm lateral resolution, PSOCT was successful in describing cortical layers, subcortical nuclei and brain-wide fiber tracts in rodent (Wang et al., 2014a) , and fiber orientations in human medulla (Wang et al., 2014b) . Other ways to cut down the total acquisition time include minimizing the overlap between adjacent tiles and increasing the slice thickness to reduce redundant volumes between scans. In addition to imaging hardware and software, sectioning the entire human brain under as-PSOCT is not a trivial issue, due to the limitation of the maximal sample width that a vibratome can slice. The use of a microtome needs to be investigated with a frozen brain (Axer et al., 2011a) or a brain embedded in solid materials. Overall, the as-PSOCT technology provides intriguing opportunities for mapping the human brain in 3D with unprecedented resolution and accuracy. With continuous technical improvement in speed and scalability, the cumulative sample populations will provide a statistically meaningful database for scientists to understand the cytoarchitecture, connectivity and their functional implications in the human brain.
